Programmed cell death (PCD) is utilized in a wide variety of tissues to refine structure in developing tissues and organs. However, little is understood about the mechanisms that, within a developing epithelium, combine signals to selectively remove some cells while sparing essential neighbors. One popular system for studying this question is the developing Drosophila pupal retina, where excess interommatidial support cells are removed to refine the patterned ommatidial array. In this paper, we present data indicating that PCD occurs earlier within the pupal retina than previously demonstrated. As with later PCD, this death is dependent on Notch activity. Surprisingly, altering Drosophila Epidermal Growth Factor Receptor or Ras pathway activity had no effect on this death. Instead, our evidence indicates a role for Wingless signaling to provoke this cell death. Together, these signals regulate an intermediate step in the selective removal of unneeded interommatidial cells that is necessary for a precise retinal pattern. q
Introduction
Within developing epithelial tissue, programmed cell death (PCD) provides spatial precision during cell fate selection and patterning. Growth factors have been recognized as central to determining which cells survive to differentiate and which are removed. During nervous system development growth factors regulate this process by their production in limiting amounts, in effect forcing cells to 'compete' for sufficient survival signals (reviewed in Danial and Korsmeyer, 2004; Jacobson et al., 1997) . Within polarized epithelia, however, the mechanisms by which growth factors direct spatially precise PCD are not well understood. The process is potentially more complex than limiting quantities of growth factors as, unlike the axon projections of neurons, cells are typically constrained from dramatic movements and yet cells must be removed in precise niches across the epithelial sheet. Epithelia appear to deal with this spatial problem by producing a meticulous balance of cell death effectors and inhibitors.
The Drosophila eye has proven a highly successful model for understanding the role of spatially precise cellcell signaling. Early patterning signals lead to creation of an array of approximately 750 ommatidial units that will eventually grow to fourteen cells each: eight photoreceptor neurons and six support cells (four cone cells and two primary pigment cells (18s); (Fig. 1M ). Once assembled, these ommatidia are re-organized into a precise hexagonal array by the maturation of the interommatidial cells into an interweaving honeycomb of secondary and tertiary pigment cells (28/38s) (Fig. 1M ). Through local cell-cell signaling, 28/38s are organized into an hexagonal array by local cell rearrangements and removal of excess cells through programmed cell death (Cagan and Ready, 1989a; Reiter et al., 1996; Wolff and Ready, 1993) . This cell death occurs by classic apoptosis, based on both morphological and molecular criteria (Wolff and Ready, 1993) .
Work from several laboratories has outlined the pathways that are required for this selective cell death. The process begins in the larva, where signaling from the Drosophila Epidermal Growth Factor Receptor (dEGFR/DER/Torpedo/ Flb) pathway is required to remove a small number of excess cells between ommatidia (Baker and Yu, 2001 ). This process is thought to then arrest until approximately 26 h after pupal formation (APF) in the pupal eye, where a higher level of cell death occurs that is dependent on both dEGFR and Notch pathway signaling (Cagan and Ready, 1989b; Freeman, 1996; Miller and Cagan, 1998; Sawamoto et al., 1994; Yu et al., 2002) . dEGFR signaling, at least, appears to regulate cell death directly by mediating expression and activity of the cell death effector hid (Bergmann et al., 1998; Kurada and White, 1998) . The mechanisms by which death signals are selectively utilized to create a precise pattern are not understood.
In the course of our studies with cell death inhibitors, we noted that inhibiting cell death throughout the stages of ommatidial emergence yielded more cells than we could account for with just the known pupal cell death. In this paper, we present data indicating a previously unrecognized stage during which significant levels of cell death occur. Wild type pupae were collected and retinas were dissected at different developmental stages from 14 h APF to 28 h APF. Retinas were stained with anti-Armadillo (A, C, E, G, I and K) to label cell membranes and the TUNEL method to detect apoptotic nuclei (B, D, F, H, J and L) . A high magnification image of a 21 h APF retina showing overlay of anti-Armadillo and TUNEL staining demonstrates the presence of apoptotic cell death in the center of the retina (O). Cell counts are presented in Table 1 . A 42 h APF retina is provided (M) and traced (N) to demonstrate the final pattern. In panel N, 'c', '18', '28', and '38' refer to cone cells and primary, secondary, and tertiary pigment cells, respectively; bristles are seen as bulls eyes at alternating vertices between ommatidia and photoreceptors are below the surface and are not visible. Anterior is to the right.
We propose that this cell death plays an important role in reducing the number of cells that need to be organized into a lattice, furthering the process of precise cell organization. Although this early pupal cell death shares some molecular pathways with the known pupal cell death process, we demonstrate a difference in the requirement for dEGFR activity between these two stages of cell death, indicating that they are under distinct molecular control. Instead, we demonstrate a requirement for wingless activity during the early phase of pupal cell death, the first demonstration of a role for wingless in sculpting the interommatidial lattice.
Results and discussion

Programmed cell death in early-pupal retinas
In the course of examining hid mutant retinae, we noticed that blocking cell death in the earliest pupal stages-prior to known stages of cell death-led to a clear increase in the number of interommatidial cells (see below). With this in mind, we analyzed pupal retinas at earlier developmental stages from 14 to 24 h APF by using an antibody to the junction protein Armadillo; apoptotic cell death was also directly assessed with TUNEL staining (Fig. 1A-H) . Prior to approximately 20 h APF, the retina is composed of a loosely patterned array of ommatidia consisting of photoreceptor neurons and cone cells (Fig. 1A,C) ; primary pigment cells (18s) first emerge and enwrap the cone cells at 20 h APF, and secondary and tertiary pigment cells (28/38s) begin organizing at about this stage as well (Fig. 1E ). Approximately one third of the interommatidial cells observed at 24 h APF (25 8C) (Fig. 1G ) are selected to die by PCD during the following 10-12 h.
Prior to 18 h APF, no significant amount of death was observed (Fig. 1B) . At 18 h APF, a sharp band of death was observed in the anterior portion of the retina (Fig. 1D) ; some of this death is within the retina, and some is just outside the retinal field ( Fig. 2J-L) ). Between 20 and 24 h APF, we observed additional death towards the middle of the retina in ). Levels of apoptosis are highest in anterior regions of the eye but, e.g. the center of the eye also contains significant levels of death ( Fig. 1O) . At 24 h APF, this early wave of death rapidly declined (Fig. 1H) ; the remaining interommatidial cells have reorganized end-to-end by this stage (Fig. 1G) (Reiter et al., 1996) . At 26 h APF, the known, previously described burst of death commenced (Fig. 1J,L) . The increasing amount of TUNEL staining correlated with a decrease in the number of interommatidial cells (Table 1) . Our results indicated that the pupal retina undergoes two separate surges of cell death that occur between 18-24 and 26-36 h APF; for convenience, we will refer to these events as 'early-stage' and 'late-stage' cell death events in the pupal eye, respectively. During the earlystage death 1.8 cells are removed per ommatidia (Table 1) . The early-stage has not been described previously, and we next examined whether the pathways known to regulate late-stage death also regulate its predecessor.
Hid and p35 regulate early-stage pupal death
The baculovirus protein P35 interferes with apoptosis by binding to and inhibiting caspase activity (Clem et al., 1991) ; it is effective in inhibiting cell death including latestage death in the Drosophila eye (Hay et al., 1994; Rabizadeh et al., 1993; Sugimoto et al., 1994) . Targeted over-expression of P35 with the eye-specific promoter GMR led to a near complete block of early-stage death ( Fig. 2D and Table 1 ): only a line of anterior cell death remained in GMR-p35 retinas. This result indicates that the early-stage cell death occurred by caspase-dependent apoptosis. In addition, it confirmed our assessment, based on TUNEL staining, that some of the anterior-most apoptotic cell death occurred in a region of future head cuticle just anterior to the retina (and was therefore outside of the expression domain of the GMR promoter (Fig. 2J-L) .
The head involution defective hid gene is a central regulator of cell death in Drosophila including late-stage cell death pathway in the retina (Grether et al., 1995) . Hid induces PCD through activation of caspases (Goyal et al., 2000; Wang et al., 1999; Wing et al., 1999) . Retinas lacking functional hid activity lost all evidence of early-stage PCD (Fig. 2F) . The number of cells within the GMR-p35 and hid K/K retinas at 20 and 21 h APF, respectively was in fact higher than the number of cells in a 18 h APF control retina (Table 1) . In these mutant genotypes the ommatidia were disorganized when compared with the control retinas due to the excess of cells. We often found that hid K/K retinas were attached to what seems to be the antennal disc (Fig. 2F) , suggesting that this early-stage death may include events required for separation of the eye-antennal discs. Together these results suggest that, similar to late-stage death, earlystage death is regulated by a caspase-mediated apoptosis pathway.
2.3. Wingless and Notch, but not dEGFR/dRas-1, are involved in the early retinal death
The dEGFR/dRas-1 pathway has been involved in multiple stages of fly eye development including cell proliferation, survival and differentiation (reviewed in Freeman, 2002) . Loss of function mutations in the dEGFR leads to excessive cell death of the interommatidial cells (Freeman, 1996; Miller and Cagan, 1998; Sawamoto et al., 1994; Yu et al., 2002) . Activation of dEGFR leads to activation of dRas1, which promotes cell survival by repressing the activity and expression of hid (Bergmann et al., 1998; Kurada and White, 1998) . We over-expressed activated dEGFR and dRas1 V12 under the control of an inducible, heat shock promoter (see Section 3). As expected, late-stage cell death (26 h APF) was almost completely blocked by each transgene (Fig. 3F,I ). Surprisingly, we saw no alteration in either the pattern of death (Fig. 3E,H) or the cell number (Table 1) in 21 h APF retinas, suggesting that early-stage death is insensitive to the dEGFR/dRas1 pathway. Consistent with these results, we also failed to see an effect on cell death upon overexpression of the dEGFR antagonist Argos (data not shown; Sawamoto et al., 1994) . These findings are especially surprising because of our results indicating that hid is required for early-stage death: unlike larval or late-stage death, hid activity appears to be regulated by a dEGFRindependent mechanism during early-stage cell death.
Notch pathway signaling is also required to remove excess interommatidial cells during late-stage cell death (Cagan and Ready, 1989b; Miller and Cagan, 1998; Yu et al., 2002) . Using the temperature-sensitive allele N ts1 , we reduced Notch function during early-stage cell death. We observed a significant reduction in TUNEL positive cell in N ts1 retinas when compared with controls (Fig. 4M) ; this correlated with the presence of excess cells in the N ts1 background (Table 1) . However, we cannot unambiguously assign a role for Notch in directly regulating this cell death. In a normal 21 h APF retina, 18s have emerged to enwrap the ommatidia and interommatidial cells have already re-organized ( Fig. 2A) . Reduction of Notch activity between 14 and 21 h APF led to a block in 18 differentiation, a failure of interommatidial cells to re-organize, and improper ommatidia alignment (Fig. 4L) . This is consistent with previous reports on the effects of reducing Notch in the developing retina (Cagan and Ready, 1989b; Miller and Cagan, 1998; Yu et al., 2002) .
Reducing activity of the downstream wingless inhibitor APC has been previously shown to provoke cell death of photoreceptor neurons at late stages in the developing retina (Ahmed et al., 1998) ; its role during the stages of patterning and cell fate determination have not been assessed. ) received two 1 h 37 8C heat shocks at 14 h APF and 18 h APF. 21 h APF and 26 h APF retinas were analyzed by anti-Armadillo (A, D and G) and TUNEL staining (B, C, E, F, H and I). As expected, both constructs successfully blocked cell death at 26 h APF; neither had a measurable effect on early-stage cell death. Wild type flies crossed with hs-Gal4 were processed in parallel to serve as controls (A-C). See also Table 1 . 
/wg
CX4 flies were shifted to the non-permissive temperature for 7 h through the early-stage cell death (D-F; see Section 3). Wg K/K clones were made in animals with the following genotype: hs-FLP1; ub-nGFP FRT40A /FRT40A wg CX4 (G, H). 20 h APF retinas were analyzed. Wg K/K tissue was marked by the absence of anti-GFP antibody staining (green). TUNEL staining visualizes apoptotic cell death and DAPI staining labels the nuclei of all cells (blue). Wingless expression at 21 hrs APF was analyzed using anti-Wg antibody (J) and co-stained with anti-Disc Large antibody (I). Panel K shows and overlay of panels I and J. Flies carrying the temperature sensitive Notch allele N ts-1 were shifted for 6 h through the period of early-stage death (L, M; see Section 3). Retinas were dissected and analyzed by anti-Armadillo (A, D and L) and TUNEL staining (B, C, E, F, M and N); Notch and wingless mutants demonstrated a block in apoptotic death (see also Table 1 ). Wild type flies were processed in parallel as controls (A-C and N). Panels C and F are magnifications of panels B and E, respectively.
We tested the effects of inhibiting the wingless pathway on early-stage death in the pupal retina by placing a temperature-sensitive allele in trans to a null. We observed a small but significant decrease in cell death in wg ts/-retinas shifted to the non-permissive temperature beginning at the earliest steps in early-stage death (See Section 3; Fig. 4E,F ; Table 1 ). Similar results were observed in wg K/K clones (Fig. 4G,H) . These data suggest that the Notch and wingless pathways provide a signal that is necessary to provoke early-stage cell death. We identified Wingless localization primarily in the cone cells by antibody staining, implicating these cells as the source of Wingless protein (Fig. 4I-K) . Similar results were observed using an enhancer trap line (data not shown). Interestingly, during late-stage cell deathwhich requires different pathways such dEGFR/dRas1-18s are required to regulate cell death (Miller and Cagan, 1998) . Early-stage cell death occurs through the period that the 18s emerge, and one possibility is that the cone cells make use of a different signaling pathway to distinguish their influence on the interommatidial cells from the 18s.
These data indicate that the Notch and wingless pathways provide a signal that is required for cell death to occur during early-stage apoptosis in the Drosophila retina. Our localization studies suggest that the cone cells provide Wingless to the surrounding interommatidial cells. In the wing, Notch and wingless regulate expression of each other at the DV boundary (Diaz-Benjumea and Cohen, 1995; Neumann and Cohen, 1996; Rulifson and Blair, 1995) ; loss of wingless activity leads to an increase in cell death in the wing (Giraldez and Cohen, 2003) , an activity opposite to the loss of death we observed in the retina. Both pathways are involved in early-stage death in the pupal retina, and further studies will be required to determine if mutual regulation occurs in the context of the retina as well. Surprisingly, we found no effects of dEGFR/dRas-1 signaling during earlystage cell death. This observation leaves open the question as to which pathway opposes wingless and Notch activity during early-stage events; this opposition would ensure that a sufficient number of cells survive to undergo the second round of selection during late-stage death.
Experimental procedures
Fly strains
Wild type (Canton S), hs-Gal4, UAS-Ras85D 
Immunofluorescence and TUNEL staining
Pupal retinas from staged animals were dissected in PBS and processed for immunofluorescence as described previously (Brachmann et al., 2000) . Antibodies used were: mouse anti-Armadillo N27A1 (1:3; Developmental Studies Hybridoma Bank, University of Iowa) directly conjugated to Alexa-488 (Molecular Probes), mouse anti-Wg (1:10; Developmental Studies Hybridoma Bank, University of Iowa), rabbit anti-GFP (1:2000; kindly provided by Pam Silver) and rabbit anti-Disc Large (1:500; a gift from Kyung-Ok Cho).
TUNEL was performed using the TMR-Red In Situ Cell Detection Kit (Roche Diagnostics, Indianapolis, IN) following the manufacturer's protocol. Images were captured using a Zeiss Axiophot microscope equipped with a Quantix CCD camera (Photometrics Ltd) and ImagePro Plus (ImagePro) software using either 10! or 63! objectives. Images were further processed with Adobe Photoshop to improve contrast and light balance.
Cell counts and staging
Primary pigment cells and 2 and 38 lattice cells (bristles were excluded) were counted from images of antiArmadillo stained-pupal retinas. We counted the cells contained within a hexagonal array surrounding a single ommatidium; this imaginary hexagon connected the centers of the surrounding six ommatidia (Wolff and Ready, 1991) . At least 13 hexagons (equivalent to 39 full ommatidia) were counted for each developmental stage and phenotype analyzed.
For wg ts/-experiments, wg IL114 /wg CX4 flies were grown at 188C through 28 h APF, then shifted to 25 8C for 7 h. We confirmed that the 28 h APF flies (18 8C) were developmentally equivalent to approximately 17 h APF (25 8C) by assessing the level of maturity of the 18s and interommatidial lattice and also the level of cell death in wild type control retinas also shifted to 25 8C for 7 h (see Fig. 4A,D) . To further confirm this timing, we also established that earlier or later shifts yielded retinae that were too immature or too mature, respectively. Similar controls were done with N ts1 temperature shift experiments: pupae were kept at 18 8C until 14 h APF and then switched to 32 8C for 6 h (until approximately 21 h APF). For heat shock induction experiments, hs-GAL4; UAS-l top and hs-GAL4;UAS-Ras V12 animals were raised at 18 8C until pupariation; white pre-pupae were then grown at 25 8C until they received 37 8C heat shocks at the appropriate stage. To make wg CX4 clones larvae were heat shocked at 48 h after egg laying (AEL). White pre-pupae were then grown at 25 8C until 20 h APF when they were dissected. Mutant cells were marked by the absence of anti-GFP antibody staining.
Statistics
For statistical analysis we used two-tailed student's test. Results represent cell number per hexagonGSEM, P%0.05.
